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ABSTRACT 

Since  horizontal  dimensions  of  orography  in  relation 
to  cloud  formation  and  development  are  mostly  in  the  nie>o- 
scalc,  we  usually  observe  mesoscale  nephsystems  in  areas 
with  topographic  influences.  In  addition  to  their  barrier  effects, 
mountains  during  the  daytime  act  as  effective  high  level  heat 
sources  or  as  cloud  generators.  At  night,  however,  they 
suppress  the  cloud  formation  and  act  as  cloud  dissipators. 

When  these  effects  are  combined  with  the  height  of  the  convec¬ 
tive  cloud  base,  which  could  be  either  higher  or  lower  than  that 
of  the  mountains,  the  patterns  of  orographic  nephsystems  and 
precipitation  are  quite  complicated.  By  using  actual  cases  of 
cloud  and  precipitation  measurements,  detailed  climatological 
and  mesosynoptic  patterns  of  clouds  and  precipitation  are  dis¬ 
cussed. 


1.  Orographic  Clouds  and  Precipitation  in  Relation  to  the  Base  of  Convective  Clouds 

It  is  well-known  that  the  worldwide  rainfall  patterns  are  closely  related  to 
the  large-scale  flow  patterns  and  die  orography  which  blocks  the  flow  in  various 
ways.  Fven  though  the  role  of  the  mountains  upon  natural  stimulation  of  precipitation 
is  not  fully  understood,  die  difference  between  the  height  of  die  convective  cloud  base 
and  that  of  mountain  tops  results  in  significant  variation  in  the  rainfall  patterns  on 
and  around  the  mountains. 

When  the  condensation  level  or  cloud  ha se  is  considerably  lower  than  the 
mountain  tops,  cloud  growth  and  precipitation  take-  place  on  the  upwind  side  of  the 
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mountains.  The  effect  of  >olar  radiation  becomes  insignificant  as  soon  as  the 
upwind  slopes  are  covered  with  thick  convective  clouds  with  high  albedo. 

The  mechanical  lifting  of  moist  air  is  the  most  important  mechanism  for  the 
release  of  latent  heat  of  condensation  when  the  stratification  is  conditionally  unstable. 
Elliott  and  Schaffer  (1962)  showed  that  the  ratio  of  amounts  of  mountain  and  flat- 
ground  precipitation  decreases  appreciably  with  increasing  air-mass  stability, 
suggesting  that  the  orographic  stimulation  of  precipitation  does  not  occur  when 
the  air  mass  is  stable. 

Even  small  mountains  blocking  a  rapid  flow  of  moisture  in  the  tropics, 
such  as  that  accompanying  hurricanes  and  typhoons,  result  in  a  significant  amount 
of  precipitation  on  the  upwind  side  of  the  mountains.  Figure  1  shows  an  example 
of  orographic  rainfall  over  Japan  under  the  influence  ol  Typhoon  Bess  in  August, 

1963.  Winds  plotted  in  the  standard  form  in  the  lower  figure  represent  velocities 
of  the  radar  echoes  computed  by  Fujita  et.  al.  (1967).  The  height  of  the  cumulus 
base  on  the  upwind  side  varies  between  1000  and  2000  ft  while  the  mountains  are  as 
high  as  5000  ft.  It  is  of  interest  to  see  in  the  upper  chart  that  along  the  Pacific 
coast  the  one-hour  rainfall  ending  at  0500Z  is  only  several  millimeters.  Heavy 
rainfall,  up  to  18  mm,  is  seen  only  on  the  upwind  slope  of  the  mountains.  No  more 
than  a  trace  of  rainfall  is  reported  from  the  downwind  regions,  thus  showing  the 
effective  blocking  of  precipitation  by  such  relatively  low  mountains. 

When  the  condensation  level  is  located  near  or  above  the  mountain  tops, 
convective  clouds  forming  on  the  peak  or  over  the  leeward  side  of  the  mountain 
produce  precipitation  as  they  drift  away  from  the  ridge  line.  As  seen  in  Fig.  2, 
such  cloud  formations  are  quite  common  over  dry  regions.  Note  that  clouds  over 
Baja  California  extend  northeast  from  the  ridge  line  of  the  Sierra  de  Juarez  ami 
that  similar  cloud  formations  in  Nevada,  Utah,  and  Arizona  have  the  same  relative 
location  with  respect  to  orography. 

In  such  cases,  the  heating  of  the  mountain  slopes  plays  an  important  role 
upon  the  acquisition  of  buoyancy  by  orographic  cumuli.  F specially  when  the  low- 
level  wind  is  southerly,  the  orographic  clouds  forming  and  developing  above  the 
northern  slopes  of  mountains  do  not  effectively  shield  the  solar  radiation  reaching 
the  southern  slopes  along  which  the  heated  air  travels  upward. 

Braham  and  Draginis  (I960),  and  Silverman  (1960),  using  data  obtained  from 
an  instrumented  Air  Force  aircraft,  made  detailed  analyses  of  the  moisture  and 
temperature  patterns  abov'e  the  Santa  Catalina  Mountains  north  of  Tucson,  Arizona. 


They  revealed  that  the  heated  moist  air,  because  of  the  lifting  effect  cj l  Uu*  harrier 
and  the  high-level  heating  effect  of  the  mountain,  reached  .3000  to  5000  ft  above  the 
mountain- top  level  after  die  Mope  w;i>  heated  by  the  morning  sun. 

The  growth  of  cumuli  clouds  after  their  formation  above  mountain-top  level 
was  investigated  by  Glass  and  Carlson  (1963),  who  made  detailed  photogrammetric 
analyses  of  cumulus  development  over  the  San  Francisco  Mountains  north  of  Flag¬ 
staff,  Arizona.  Their  results  indicate  that  initial  clouds  with  their  bases  al  17,5'i()  - 
20,000  ft  formed  a  few  ten  tils  of  a  mile  downwind  from  the  12,680  ft  peak.  After 
the  formation,  each  cloud  drifted  away  from  the  source  region  while  increasing  its 
volume  as  much  as  10  times.  They  studied  mostly  small  cumuli  which  were  eroded 
away  after  about  10  minutes.  These  clouds  consisted  mostly  of  up- slope  thermals 
which  were  mixed  with  environmental  air  several  thousand  feet  above  the  mountain 
tops.  It  is  very  unlikely  that  these  small  clouds  would  receive  a  continuous  supply 
of  moist  air  from  the  lower  levels  on  the  downwind  side  of  rhe  mountain.  If  one  of 
these  cumuli  developed  into  a  huge  cumulonimbus,  it  would  maintain  its  circulation 
practically  independent  of  the  orography  which  gave  rise  to  the  development  of  the 
initial  cloud.  Thus,  a  large  storm  could  move  away  from  the  mountains  for  a  great 
distance  downwind. 

2.  Distribution  of  Rainfall  Patterns  around  Isolated  Mountains 

In  an  attempt  to  investigate  pressure  disturbances  associated  with  the  orographi 
precipitation  around  the  San  Francisco  Mountains  of  Arizona,  a  mesometeorological 
network  of  stations  was  established  and  operated  by  the  University  of  Chicago  and 
sponsored  by  the  U.S.  Air  Force.  Figure  .3  shows  the  area  dominated  by  the  San 
Francisco  Mountains  in  northern  Arizona. 

Long  before  the  attempt  lay  the  Air  Force  to  study  orographic  convection 
in  the  Flagstaff  area,  Indians  knew  and  told  the  participating  scientists  that  then 
rainy  season  would  start  as  soon  as  the  traditional  annual  Rain  Dance  was  performed 
at  Flagstaff  early  in  July.  Both  1960  and  19p]  networks  began  to  ope  rate  shortly 
after  the  day  *f  the  Rein  Dance,  which  actually  signalled  the  beginning  of  the  moi^t 
spell . 

The  total  precipitation  amounts  for  July  16-29,  ]Oo(),  plotted  and  contoured 
in  Fig.  4  clearly  show  a  maximum  directly  over  the  mountains,  and  arc  surrounded 
by  a  ring-shaped  zone  •  . !'  relatively  low  total  amounts  (see  black  dots  circling  the 
mountains).  Outside  this  ring  were  scattered  areas  of  high  values  up  to  2.  2  inches. 
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In  order  to  learn  whether  the  196(1  pattern  of  orographic  rainfall  represents 
a  general  distribution  or  not,  a  second  and  more  extensive  network  was  established 
in  19M.  The  number  of  raingauges  was  increased  from  150  to  220.  The  pattern  of 
the  total  precipitation  turned  out  to  be  very  similar  to  that  obtained  in  I960.  The 
total  amount  of  rainfall  in  the  1961  period  was  about  twice  that  of  the  previous  year, 
due  partially  to  more  days  of  operation,  which  were  increased  from  11  to  19  days, 
and  to  the  increased  convective  activity.  Nevertheless,  the  low  total -precipitation 
ring  surrounding  the  mountains  appeared  practically  the  same  as  in  i960. 

To  represent  variation  in  the  rainfall  as  a  function  of  the  distance  from 
the  mountain,  six  pie -shaped  areas  were  constructed  by  drawing  six  azimuths, 

000°,  060°,  120°,  180°,  240°,  and  300°,  radiating  from  the  center  of  the  mountain. 

The  scatter  diagram  (Fig.  6)  obtained  by  plotting  the  precipitation  within  each  pic  - 
shaped  area  reveals  the  existence  of  a  low  total -precipitation  area  at  a  distance  of 
about  8  nm  from  the  mountain.  A  ring  of  maximum  rainfall  ;s  also  seen  along  the 
radius  of  10  to  12  nm .  This  evidence  poses  the  question  as  to  the  cause  of  these- 
rings  of  minimum  .and  maximum  precipitation. 

Fujita,  Styber,  and  Browr/s  (1962)  study  of  daily  precipitation  during  the 
1960  season  indicated  that  the  over-mountain  rainfall  mostly  occurred  on  the  days 
with  low  wind  speeds  and  that  the  distant  rainfall,  30  to  12  nm  from  the  mountain 
center,  fell  quite  often  at  night.  Braham  (1°58)  concluded  in  his  study  of  cumulus 
clouds  in  Arizona  that  every  one  of  the  cloud  parameters  showed  marked  day -by-day 
variations.  His  statement  is  very  important  since  it  implies  difficulties  in  explaining 
the  daily  regime  of  orographic  convection  from  the  broad  synoptic  conditions. 

From  this  we  may  assume  that  over-mountain  precipitation  is  predominant 
when  straight  convection  takes  place  under  the  influence  of  relatively  low  wind  speeds, 

A  distant  rainfall  may  occur  at  night  when  the  mountains  are  cold,  thus  acting  as 
cloud  dissi^ators  rather  than  cloud  generators.  If  a  very  high  cloud  base  and  relatively 
high  winds  occur  simultaneously .  it  is  likely  that  convective  clouds  will  drift  away 
some  distance  from  the  mountains,  producing  precipitation  far  away  from  the  mountains. 
Thus,  somehow,  a  minimum  amount  of  precipitation  is  received  along  a  ring  of 
about  15  mi  in  diameter  circling  the  mountains. 

3.  Influence  of  Airflow  and  Moisture 

It  is  the  common  IxTiet  i:i  northern  Arizona  that  rainfall  occurs  when  moist 
air,  mostly  from  the  southeast,  blows  against  the  plateaus  and  mountains.  To 
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obtain  a  quantitative  relationship  between  the  precipitation,  the  airflow,  and  the 
humidity,  the  winds  aloft  and  relative  humidities  measured  at  Flagstaff  are  presented 
in  Figs.  7  and  s,  respectively.  At  the  upper  part  of  each  figure  is  the  variation 
of  mean  daily  precipitation  obtained  by  adding  total  daily  amounts  from  all  network 
stations  and  then  dividing  the  total  by  the  number  of  stations.  The  mean  daily  pre¬ 
cipitation,  therefore,  gives  approximately  the  mean  precipitation  which  fell  each 
day  over  the  network  area. 

An  overall  inspection  of  these  figures  does  not  lead  to  a  conclusion  as  to 
a  cause  and  effect  relationship.  Therefore,  the  daily  means  of  wind  speed  and  relative 
humidity  lx?twcen  the  surface  and  the  10,000  ft  level  were  computed  from  upper- 
air  data  taken  early  each  morning  before  the  on^et  of  daily  orographic  convection. 
These  valuer  are  entered  in  Figs.  7  and  8  below  the  line  representing  the  station 
elevation. 

The  standard  presentation  of  3- parameter  correlation  shown  in  Fig.  L) 
requires  more  observed  values  in  order  to  find  a  conclusive  relationship.  Nonethe¬ 
less,  the  scatter  diagram  of  rainfall  amounts  vs.  relative  humidity  permits  us  to 
draw  a  crude  but  rcasonah'e  straight  line,  indicating  that  there  would  be  little  rain 
when  die  mean  relative  humidity  is  less  than  10  to  15%.  In  case  the  humidity  exceeds 
80l7>  it  is  likely  there  will  be  mere  than  0.2  inches  of  rain  no  n  atter  how  weak  the 
wind  speed.  Due  to  the  fact  that  there  were  no  cases  of  high  wind  speed  when  the 
humidity  was  60^,  or  more,  it  is  not  feasible  to  extrapolate  the  precipitation  which 
would  occur  under  high- wind  and  high-humidity  conditions.  For  low-humidity  cases, 
however,  the  precipitation  tends  to  increase  with  increasing  wind  speed. 

The  most  reasonable  empirical  formula  for  estimating  mean  precipitation,  R, 
from  V,  the  wind  speed,  and  H,  the  relative  humidity  would  be 

R  =  -^(H-0.l)(l+0.0lV) 

and  R  =  0  when  H<0.1 

where  R  is  expressed  in  inches  and  V  in  knots.  The  line  of  a  specific  value  of 
in  this  icrmula  is  a  rectangular  hyperbola  with  V  and  H  axes  translated  to 
V  =  -100  kt  and  H  =  0.1,  respectively. 


4.  Split  of  a  Thunderstorm  in  the  Wake  Flow  of  the  San  Francisco  Mountains 

Due  to  th?  barrier  and  heating  effects  of  the  isolated  peaks  one  would  expect 


some  unusual  characteristics  of  thunderstorms  in  the  wake  region  of  the  mountains. 

To  monitor  such  thunderstorms,  a  time-lapse  16-mm  camera  was  placed  on  the 
rim  of  Meteor  Crater  pointing  toward  the  San  Francisco  Mountains,  about  40  mi 
away.  Inspection  of  a  large  number  of  the  movies  thus  obtained  during  196]  operation 
revealed  the  fact  that  a  precipitation  area  observed  beneath  a  cumulonimbus  cloud 
travelling  downwind  generally  split  into  two  separate  precipitation  areas, 

A  series  of  pictures  enlarged  from  the  film  taken  on  July  19,  1961,  is  shown 
in  Fig.  10.  Although  the  exposures  were  made  for  every  15  sec,  frames  presented 
in  the  figure  wrere  selected  at  about  15- min  intervlas.  The  first  cumulus  over  the 
mountain  appeared  at  0845  MST.  After  repeating  the  processes  as  described  by 
Glass  and  Carson  (1963),  a  towering  cumulus  stage  was  reached  around  1000  MST. 

A  few  minutes  later,  both  anvil  and  virga  extended  from  the  cloud. 

Shortly  after  1030  MST  the  rain  area  in  the  movie  widened  rapidly  until  it 
split  into  two  parts.  Then  the  one  on  the  left  moved  almost  toward  the  camera. 

A  close  inspection  showed  that  the  left  part  moved  back  slightly  toward  the  direction 
of  the  peaks  when  viewed  from  the  movie  camera.  The  right  part,  on  the  other  hand, 
moved  to  the  right,  very  quickly  moving  out  of  sight  shortly  after  1130  MST. 

A  MRI  SX6  radar  with  3.  2  cm  wave  length  constructed  and  operated  by 
Meteorological  Research  Incorporated,  Altadena,  California,  was  not  turned  on 
until  1127  MST,  because  the  thunderstorm  in  question  was  previously  hidden  behind 
Elden  Mountain  when  viewed  from  Flagstaff  Airport,  the  site  of  the  radar. 

When  the  radar  picture  taken  at  1130  MST  and  an  enlarged  cloud  picture 
from  Meteor  Crater  are  combined  precisely  as  shown  in  Fig.  11,  it  is  found  that 
the  shape  of  the  echoes  from  the  split  rain  showers  displayed  rotational  characteristic 
This  was  especially  true  for  he  one  on  the  right,  viewed  from  the  movie  camera, 
which  showed  an  anticyclonic  rotation  lasting  for  over  30  nun  after  the  radar  was 
turned  on.  The  other  showed  a  slight  cyclonic  curvature.  The  estimated  paths 
of  the  echo  lx* fore  and  after  the  split  revealed  a  remarkable  resemblance  with  the 
echo- split  phenomenon  studies  by  Fujita  and  Grandoso  (1966).  They  obtained  a 
numerical  model  which  included  a  pair  of  thunderstorms  which  rotated  in  opposite 
directions.  If  their  concept  of  split- echo  phenomenon  is  applied  to  this  observational 
evidence,  it  may  be  concluded  that  an  area  of  wake  flow  behind  the  San  Francisco 
Mountains  extends  more  than  30  mi  downwind. 

A  schematic  plan  view  of  an  estimated  wake  flow  is  shown  in  Fig.  12.  Note 
rhat  a  zone  of  anticyclonic  vorticity  along  the  northern  boundary  of  the  wake  and 


its  counterpart  /one*  ot  cyclonic  vorticity  along  the  southern  boundary  are  produced 
as  a  result  of  the  barrier  e  ffect.  When  a  developing  thunderstorm  moves  over  this 
area  sucking  up  the  air  from  the  wake  region,  the  left-hand  portion  (facing  the  direction 
of  motion)  and  the  right-hand  part  will  quickly  accumulate  negative  and  positive 
vorticities,  respectively.  Thus,  the  storm  rapidly  splits  into  or'  with  cyclonic, 
anti  the  other  with  anticyclone  rotation. 

A  Flagstaff  sounding  taken  at  1235  MST,  July  19,  1961,  is  shown  in  Fig.  12. 

It  is  seen  that  the  layers  up  to  21,000  ft,  slightly  above  the  cloud  base,  were  practically 
adiabatic  with  the  moisture  decreasing  slightly  with  increasing  height.  This  layer 
is  topped  by  a  thick  layer  of  dry  air  moving  from  west  to  northwest  at  12  to  15  kt. 

The  temperature  curve  for  the  morning  sounding,  released  at  0840,  showed  little 
difference  from  that  of  the  noon  sounding.  Therefore,  the  flow  probably  remained 
unchanged  during  the  morning  hours,  acting  in  favor  of  the  establishment  of  a  steady- 
state  flow. 

5.  Summary  a  ml  Conclusions 

Tile  importance  of  the  height  of  the  convective  cloud  base  in  relation  to  that 
of  die  orography  blocking  the  flow  has  been  discussed,  based  on  several  examples. 

In  interpreting  satellite  photographs  it  is  always  necessary  to  keep  such  regimes  of 
convection  in  mind  because  the  locations  of  clouds  relative  to  the  mountains  vary 
according  to  the  height  of  the  cloud  base. 

The  orographic  precipitation  around  the  San  Francisco  Mountains  was  studied 
m  detail,  and  a  related  ring  of  light  precipitation  surrounding  the  mountains  was 
found  to  exist  during  both  the  I960  and  1961  operations.  In  order  to  explain  such  a 
distribution,  the  group  of  mountains  is  assumed  to  act  as  a  cloud  generator  in  day¬ 
time  and  as  a  cloud  dissipator  at  night.  Finally,  the  wake  effect  of  the  mountains, 
which  gives  rise  to  the  echo  split  phenomenon  as  proposed  by  Fujita  and  Grandoso 
(I960),  was  discussed.  A  large  number  of  satellite  pictures  over  Arizona  taken  in 
July  and  Augas*  ere  examined  in  an  attempt  to  find  patterns  of  clouds  associated 
with  the  wake  flow  behind  mountains.  However,  no  conclusive  evidence  of  wake  flow 
was  found.  The  regions  of  wake1  flow  in  satellite  pictures  as  described  by  Hubert  and 
Lehr  (1967)  are  considerably  more  extensive  than  the  island  which  blocks  the  flow. 

These  islands  usually  ev'.eiul  above  the  top  of  a  shallow  stable  layer,  but  the  mountains 
n  Arizona  block  only  the  lower  portion  of  an  adiabatic  layer  over  10,000  ft  thick. 


When  the  nature  of  such  wake  flows  is  clarified  in  general,  it  will  become  feasible 
to  use  satellite  pictures  for  the  establishment  of  both  barrier  and  heating  effects  of 
topography  upon  the  mesoscale  orographic  convection. 
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rig  J  rnpograph”  a  round  the  San  Francisco  Mountains  in  northern  Arizona,  where  a 
rain gauge  network  was  operate..!  during  l^fiO  and  l^hl  reasons. 


Itg  4  Pottl  prec  ipitation  during  the  period  July  IP  .N.  Wnu  measured  at  a tx»ur  ISO 
stations  around  the  San  Francisco  Mountains.  Amounts  were  plotted  in  0.  1  inch  units  and 
contoured  for  every  O  S  uuh.  H  and  L  designate  high  ant!  itr*  values,  respectively .  Black 
dots  circling  a  high  rainfall  area  over  the  mountains  mduate  a  ring  of  Itwv  precipitation. 


Fig.  Total  precipitation  during  July  17  August  4,  1961,  measured  at  about  220  stations.  Amounts  are  shown  in  increments  of  <>. 
and  isohyets  were  drawn  at  one  inch  intervals  Note  that  a  ring  of  low  precipitation  around  the  mountain  existed  again  in  1961. 


MEAN  RELAHVE  HUMIDITY  BETWEEN  SURFACE  AND  10,000  FT 


10 


0845  MST  ■ 

■  I0i7 

1 

l  fin  1 

'(i wmtm- 1 

■  V.  ~ ••■  -,;  *%*  0  ;- jjgShfX 

j  ^  ,07  9 

■  1032 

Liir— r  — “-u- 1 

■  +  •  **  1 

0918  1 

1  1046  ! 

0934  1 

|  “  i  **  £  | 

1  1  103 

0947  1 

■  *-*7-  ■  MJH 

■  -  ^ 

■‘1117 

1003  1 

1—  **  ..* 

I  r  i  a^i 

_  x  1 

1 _  '  ' _ ’  "btc  tA 

•i rii !  C.r  »■  n 


>  <!' 


1000  ft 


